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This thesis tests for long memory in the gold and diamond markets' returns and 
volatility. For the gold market, Lo's modified R/S statistic provides strong evidence 
for long memory in the return series. The Fractional Integrated Generalized 
Autoregressive Conditional Heteroskedasticity (FIGARCH) model suggests the 
persistent volatility of spot gold and gold futures. The self-similarity feature is strong 
across weekly and monthly frequencies in the gold market. Evidence for three 
structural breaks in the long memory parameter of spot gold and gold futures returns 
and volatility during 1976-2008 is found. More importantly, this thesis is the first to 
examine the long memory properties of the international diamond market. The results 
suggest that diamond market returns do not have long memory, while strong evidence 
is found for long memory in diamond market volatilities. The results have important 
implications for the efficiency of these two markets. 
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Chapter 1. Introduction 
Research on the behavior of gold pr1ce has received increasing attention 1n the 
literature over the past three decades. Booth and Kaen (1979) test the efficiency of the 
gold market. They find that the market of gold is not efficient and sensitive to 
institutional constraints. Tschoegl (1980) argues that the gold market is liquid and 
efficient. Cai et al. (200 1) provide a detailed characterization of the intraday return 
volatility of gold futures contracts traded on The Commodity Exchange, Inc. 
(COMEX) division of the New York Mercantile Exchange and find a U-shaped 
pattern in the data. They also suggest that the strong intraday periodicity may 
overshadow the long memory feature. 1 Peters and Egan (200 1) test the performance 
of gold as a defensive investment during specific periods of stock market weaknesses 
and over a long investment horizon. It is found that the inclusion of gold holdings can 
lead to a more balance portfolio. Smith (2002) finds that following the September 11 , 
2001 terrorist attack, the FTSE ALL Share Index drops 9 percent, while the London 
Gold afternoon fixing price increases by more than 7 percent, suggesting that when 
the economic environment becomes more uncertain, gold becomes a safe haven for 
investors. 
The aforementioned studies use a sample period when the gold price is relatively 
stable. However, over the recent period of 2005-2008, the price of gold has tripled.2 
1 The presence of long memory in return volatility has attracted the attention of academic research, e.g. , 
Taylor (1986) and Ding, Granger and Engle (1993), who study the long memory persistent property in 
stock market volatility. The existence of long memory in volatility suggests that it may be important to 
incorporate the long-term volatility structure in derivative asset pricing. 
2 Appendix 1 includes the figures of spot and futures gold price, daily returns, squared returns, and 
absolute returns. In 2008, the world economy experienced increasing pressure, with credit spreads 
The surge may be a result of structural breaks. While the long-range dependence in 
gold market returns and volatility has been studied, no attempt has been made to test 
for structural break in the long memory parameter (Banerjee and Urga, 2005). In this 
thesis, I examine the stochastic and long memory properties of the returns on gold via 
some recently developed modeling techniques. A FIGARCH model is estimated to 
model the long memory in spot gold and gold futures volatility. A test for the 
self-similarity feature is also conducted over a wide range of frequencies. In addition, 
I show that the self-similarity property in the gold market is strong. Moreover, 
utilizing the forward and backward rolling metho-dology, this thesis contributes to the 
literature by providing empirical evidence for the presence of structural break in the 
long memory behavior of gold price. 
Apart from revisiting the gold market, this thesis also provides a first attempt to study 
the time series property of the diamond market. The diamond market has certain 
similarities with the gold market. Both gold and diamond have been coveted for their 
uniqueness and rarity, beauty, and intrinsic physical properties, as well as storage of 
wealth. In both the diamond and gold markets, industrial use accounts for a very small 
percentage of the total production. J ewelry accounts for a large portion in the demand 
in both gold and diamond markets. For instance, in 2007, jewelry accounts for around 
three quarters of the gold demand (US$54 billion) and 80 percent of the market value 
in the diamond market for the last decade. 
Despite these similarities, the market structures of the gold and diamond markets are 
very different. First, from a historical point of view, gold was widely used as currency, 
widening further and political risks on the rise. The depreciation of the US dollar also brings increasing 
interest in gold. 
2 
and it has supported international exchange since prehistoric times, while diamond 
has a relatively short history and is mostly used as gemstones, religious icons, and 
adornments. Second, considering the determinants of prices, the price of gold is 
determined by the open market and fluctuates rapidly in response to economic 
conditions.3 In contrast, the international diamond market is a cartel controlled by a 
handful of firms. 4 The DeBeers Diamond cartel is one of the longest existing cartels 
with duration of over 100 years between its foundation and its first breakdown 
(Levenstein and Suslow, 2002; Kretschmer, 2003). Shevelyova (2006) suggests that 
the diamond market structure can be described as a row of vertically organized firms, 
each of which can be outlined in a context of a monopoly or oligopoly competition. 
Spar (2006) examines the continuity and change in the international diamond market. 
His study provides lessons about the determinants and effects of supply and demand, 
as well as the market structure of the diamond market. He also finds that DeBeers and 
the world diamond cartel have dominant power on both the supply and demand sides 
of the diamond market. 
The market structure of diamond has long been studied. Yet very few studies have 
been carried out on the diamond price and its fluctuation. This thesis will therefore 
provide a first attempt to examine the long memory in diamond returns and volatility. 
3 Ab ken ( 1980) suggests that extreme political and economic uncertainty, flow supply, and demand for 
gold, inflation, and government auction policy might be the underlying factors influencing gold price. 
Rohan, Mukesh, and Timothy (2000) find that the gold price responds to the news release of capacity 
utilization, unemployment rate, GDP, and PP I. 
4 Ariovich (1985) examines the price fluctuations in the international diamond market. He finds that 
the industrial diamond prices are influenced by the level of economic activity in general and the 
volume of the manufacturing production in particular. The prices of jewelry diamonds are highly 
correlated with disposable income. Both industrial diamond and jewelry diamond prices are positively 
related with inflation rate and negatively correlated with real interest. 
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The results will shed some light on the efficiency of the diamond market as well as 
the predictability of the diamond market returns and volatility. 
The remainder of the thesis is organized as follows. Chapter 2 presents the modified 
R/S statistic and Fractionally Integrated GARCH (FIGARCH) model. Chapter 3 
examines the long memory property of the gold market. Chapter 4 reports the 
empirical evidence for the structural break in the degree of long memory of the gold 
market returns and volatility. Chapter 5 studies the long memory property of the 
international diamond market returns and volatility. A brief conclusion is drawn in 
Chapter 6. 
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Chapter 2. Methodology 
To begin with, the long memory process is defined. A stationary stochastic process 
X 1 is defined as a long memory process if there exists a real number a E (0,1) and 
a constant C>O such that limp( k) /[ Ck -a] == 1 , where p( k) is the autocorrelation 
k~CIJ 
function. The Hurst exponent H, which represents the long-memory property of the 
time series, is defined asH == 1- a . Long memory occurs when H E ( _!_ ,1) . Thus, a 
2 2 
time series is said to exhibit long memory if there is a slow hyperbolic decay in 
1 
autocorrelations. If H> 1, the series is nonstationary. If H E (0,-) , the series is 
2 
anti persistent. 
2.1. Modified Rescaled Range Statistic R/S 
In this thesis, we use the modified rescaled range (R/S) statistic of Lo (1991) to test 
for long memory. 5 The modified R/S statistic is robust to short-term dependence and 
conditional heteroscedasticity. Consider a stationary time series X 1 with a sample 
size N. The modified rescaled range statistic is 
Q == - 1 [maxi: (xk - ~)-min ± ~k - ~)l, ; (q) l 5t5N k~l l 5t<N k~l J (1) 
where 
5 The classical R/S analysis is first introduced by Burst (1951) and subsequently developed by 
Mandelbort ( 1972). 
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q 
s 2 ( q) == s 2 + 2 L w k ( q )r k ; 
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If q == 0 , the modified R/S statistic is reduced to Hurst's R/S statistic. The modified 
R/S statistic has high power against certain long-range dependence alternatives and 
has been extensively used to detect the presence of long memory in various time 
series. For instance, Crato and Pedro (1994) find evidence of long memory in the 
conditional variance of US stock return indexes. Breidt, Crato, and Pedro (1998) test 
long memory in stock market volatility. Shibley and Param (2001) find evidence for 
long-term dependence in weekly stock returns in the stock markets of Korea, 
Malaysia, Singapore, and New Zealand. Cajueiro and Tabak (2004) show that the 
markets of Hong Kong, Singapore, and China exhibit long-range dependence. As for 
the gold market, Cheung and Lai (1993) discover that the long memory behavior in 
gold returns is rather unstable. 
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2.2. Fractionally Integrated GARCH (FIGARCH) Model 
The FIGARCH model was introduced by Baillie, Bollerslev, and Mikkelsen (1996) 
based on the GARCH model of Bollerslev (1986) and the IGARCH model of Engle 
and Bollerslev (1986). The FIGARCH (p, d, r) process is an alternative to the 




d is the fractional integration parameter, 




The conditional variance ofFIGARCH (p, d, r) is given by 
(12) 
where ..i(L) == {1- [1- fJ(L )r1 rp(L XI - L )d} == A1 L + A2 L2 + · · · and Ak is nonnegative. 
The parameter d characterizes the long memory property of hyperbolic decay in 
volatility. Baillie, Bollerslev, and Mikkelsen (1996) apply the model to the volatility 
7 
of exchange rates and find evidence of long-range dependence. Crato and Ray (2000) 
find strong evidence of long memory in daily commodity futures volatility. Baillie, 
Han, and Kwon (2002) discover long memory in both the conditional mean and the 
variance of inflation rate. Martens and Zein (2004) use the FIGARCH model to 
demonstrate the long memory property of light sweet crude oil futures daily 
volatilities. 6 Several alternative distributions have been proposed to account for the 
deviations from normality in the conditional distributions of returns and volatility in 
other financial markets. Assaf and Cavalcante (2005) test for long memory in the 
daily returns and volatility of the Brazilian stock market. In this article, I use the 
FIGARCH (1, d, 1) model to examine the long memory property of volatility in gold 
pnce. 
6 For the gold market, Cai, Cheung, and Wong (2001 ) analyze high frequency gold futures using 
intraday tic-by-tic data. However, they do not use the FIGARCH model to estimate the long memory 
parameter. 
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Chapter 3. Long memory in gold returns and volatility 
Gold has acted as a multifaceted metal for centuries, possessing similar functions to 
money as a store of wealth, medium of exchange, and a unit of value (Goodman, 1956; 
Solt and Swanson, 1981 ). The holding of gold can also hedge against inflation, 
political fluctuation, and currency risk (J affe, 1989; Cheung and Lai, 1993; Dooley et 
al., 1995; Adrangi et al., 2000; Ciner, 2001z Lucey and Tully, 2006a, b; Worthington 
and Pahlavani, 2008). The above ground gold is over 135000 tonnes. Approximately 
2500 tonnes of gold is mined every year. About 10 percent of the world's gold 
demand is derived from the industry; a large portion of the above-ground stocks of 
gold is maintained (32000 tones) by central banks and international financial 
institutions as reserves. 
3.1. Data 
The daily pr1ce of Gold Bullion and COMEX Gold Futures are obtained from 
DataStream. The sample of spot gold market daily returns, absolute returns, squared 
returns, absolute deviation, and square mean deviation has a total of 8335 
observations, covering the period from August 2, 1976 through July 14, 2008. The 
sample of futures gold market daily returns, absolute returns, squared returns, absolute 
deviation, and square mean deviation has a total of 7704 observations, covering the 
period from January 2, 1979 through July 14, 2008. Returns are defined as the first 
difference of the natural logarithm of gold prices: 
(13) 
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where Pt is the corresponding price series. Davidian and Carroll (1987) suggest that 
the volatility of absolute returns is more robust to asymmetry and non-normality. 
Taylor (1986) presents evidence that absolute returns-based models generate better 
volatility forecasts than models founded on squared returns. In this thesis, absolute 
returns, squared returns, absolute deviation, and square mean deviation are used as 
proxies of volatility in Lo' s modified R/S statistic and the FIG ARCH model. The 
square mean deviation and absolute deviation are defined as 
- R 
where R is the sample mean of 1 • The square mean deviation and absolute 
deviation may serve as better approximation of volatility than absolute returns and 
squared returns. The summary statistics of gold returns, absolute returns, squared 
returns, absolute deviation, and square mean deviation in both spot and futures price 
are reported in Table 1. 
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Table 1: Summary Statistics of gold daily returns, absolute returns, squared returns, 
absolute deviation and square mean deviation 
Rt iR~i R2 t IRt -RI (Rt- RY 
Spot Futures Spot Futures Spot Futures Spot Futures Spot Futures 
Observations 8335 7704 8335 7704 8335 7704 8335 7704 8335 7704 
Mean 0.00011 8.28E-05 0.00327 0.00335 2.75E-05 2.75E-05 0.00327 0.003356 2.75E-05 2.75E-05 
Maximum 0.05302 0.04232 0.07761 0.04380 0.00602 0.00192 0.07772 0.04388 0.00604 0.001926 
Minimum -0.07761 -0.04380 0.00000 0.00000 0.00000 0.00000 2.1 E-07 5.20E-06 0.00000 0.00000 
S.D. 0.00524 0.00524 0.00410 0.00403 0.00012 8.94E-05 0.00410 0.004024 0.000117 8.94E-05 
Skewness -0 .34813 -0.12244 3.91272 3.07855 23.66 10.05 3.92991 3.08937 23 .7355 10.0429 
Kurtosis 19.08 11.60 34.20 18.33 957 .28 149.07 34.4192 18.4026 963 .86 148.89 
Jarque-Bera 899929.4 23786.83 359297.4 87614.67 3.17E+08 6978909 364291 88409.13 3.2E+08 6962088 
P-value of the 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
JB test 
Notes: The Jarque-Bera test for normality distributed as Chi -square with 2 degrees of freedom . The critical value for the null hypothesis of normal 
di stribution is 5.99 at 5% significance level. 
Note from the values of kurtosis that the unconditional distributions of these returns 
have a fat tail. 
3.2. Empirical results of the modified RIS statistic and the FIG ARCH model 
The values of Lo 's modified R/S statistic for gold daily returns, squared returns, 
absolute returns, absolute deviation, and square mean deviation are reported in Table 2. 
A test of the null hypothesis of d=O is performed using a 95 percent confidence 
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interval [0.809, 1.862] of the modified R/S statistic.7 Note that the null hypothesis is 
rejected in all cases, which provides strong evidence of long memory in gold daily 
returns and volatility. The result is different from that of Cheung and Lai (1993) who 
examine the weekly spot gold price in the London gold market from 1973 to 1987 and 
find the long memory behavior in gold returns to be unstable. 
7 Critical values are given in Lo (1991 ). 
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Table 2: Lo's modified RJS statistic for gold daily returns, absolute returns, squared 
returns, absolute deviation and square mean deviation 
Modified RIS statistic 
Rt IRrl R2 t IRt -RI (Rt -RY 
q Spot Futures Spot Futures Spot Futures Spot Futures Spot Futures 
0 2.3676* 2.1112* 13 .3309* 12.7156* 7.9787* 9.1959* 13 .3272* 12.7059* 7.9606* 9.1844* 
2 2.4320* 2.1218* 10.6562* 10.2027* 6.7756* 7.2954* 1 0.6529* 10.1941 * 6.7642* 7.2879* 
5 2.4145* 2.1259* 8.6039* 8.2787* 5.6255* 5.9884* 8.5993* 8.2726* 5.6171* 5.9823* 
10 2.4176* 2.1551* 6.9303* 6.6768* 4.6645* 4.9009* 6.926* 6.6735* 4.6588* 4.8970* 
25 2.3397* 2.0895* 5.0081* 4.8066* 3.5245* 3.7400* 5.0038* 4.8046* 3.5210* 3.7378* 
50 2.3454* 2.0890* 3.8405* 3.6501 * 2.8614* 2.9690* 3.8368* 3.6491 * 2.8587* 2.9675* 
100 2.4197* 2.1478* 2.8890* 2.7462* 2.2315* 2.3021 * 2.8863* 2.7457* 2.2297* 2.3016* 
R IR,i R2 IRt -RI (Rt - RY Note: t, t represent gold daily returns, absolute returns, squared returns, absolute deviation and 
' ' ' 
square mean deviation respectively. * indicates significance at the 5% level. The critical interval is [0.809, 1.862]. 
A FIG ARCH (1, d, 1) model is estimated using the method of Baillie, Bollerslev, and 
Mikkelsen ( 1996). 
For spot gold daily returns and volatility, the estimated long memory parameter d of 
the FIGARCH (1, d, 1) model ranges from 0.2834 to 0.4115. The empirical evidence 
suggests that the estimated degree of integration d for spot gold returns and volatility 
are significantly greater than 0 but less than unity. Hence, the volatility of spot gold 
daily returns and volatility can be characterized by a hyperbolic decaying long 
memory process, which supports the adoption of the FIGARCH (1, d, 1) model. 
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Table 3: Estimates for FIGARCH (1, d, 1) models for spot gold daily returns and 
volatility using Quasi Maximum Likelihood Estimation (QMLE) 
R, IRtl R2 t IRt -RI (Rt- RY 
d 0.3370 0.2842 0.4115 0.2834 0.3548 
(18.953) (16 .615) (124.59) (16.749) (141.32) 
Skewness -0.0156 2.1376 9.8233 2.1572 9.8692 
Kurtosis 4.7555 9.6744 161.41 9.7934 161.24 
Ljung-Box 31.3 73 2726.81 370.05 2707.72 472.98 
Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is also 
reported. 
For gold futures daily retun1s and volatility, the estimated long memory parameter d 
of the FIGARCH (1, d, 1) model ranges from 0.2934 to 0.3575. The empirical 
evidence demonstrates the presence of an explicit long memory feature in gold futures 
daily returns and volatility. 
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Table 4: Estimates for FIGARCH (1, d, 1) models for gold futures daily returns and 
volatility using Quasi Maximum Likelihood Estimation (QMLE) 
R, IRtl R2 t IRt -RI (Rt - RY 
d 0.3124 0.2934 0.3575 0.2902 0.3485 
( 18.287) (14.616) (51.671 ) (14.077) (93 .757) 
Skewness -0.0197 2.1713 10.094 2.1960 10.354 
Kurtosis 6.1205 10.129 165.66 10.335 165.39 
Ljung-Box 16.053 2548.59 469.86 2535 .78 478.15 
Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is also 
reported. 
In general, the value of d is consistently significant in spot gold and gold futures 
returns and volatility. Our empirical results suggest that spot gold and gold futures 
returns and volatility have a fractal structure. 
3.3. Self-similarity of long memory in the gold market 
From Beran (1994), a stochastic process J't 1s called self-similar with the 
self-similarity parameter S, if for any positive stretching factor c, the rescaled process 
with time scale et, c -s Yet , is equal in distribution to the original process J't . In other 
words, self-similarity occurs when the magnitude of the long memory parameter does 
not change across sampling frequencies. Baillie et al. (2007) suggest that if the long 
memory parameter is invariant across frequencies , then the presence of long memory 
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is an intrinsic feature of the data and does not result from regime shifts or exogenous 
external shocks. The self-similarity property is difficult to test empirically. Baillie et 
al. (2007) provide a simple method to test for self-similarity by evaluating the changes 
in long memory parameter estimates across frequencies to see whether the 
self-similarity feature can hold in general. 
Estimations are undertaken over multiple frequencies to check for the self-similarity 
feature. For weekly data, 1668 weekly observations of the Gold Bullion LBM 
U$/Troy Ounce spans the period from August 2, 1976 to July 14, 2008, and 1541 
observations of the COME X Gold Futures 100 oz rate spans the period from January 
8, 1979 to July 14, 2008. For monthly data, I use 391 monthly observations of Gold 
Bullion LBM U$/Troy Ounce that spans the period from January 14, 1976 to July 14, 
2008, and 355 monthly observations of COMEX Gold Futures 100 oz rate that spans 
the period from January 14, 1979 to July 14, 2008. 
The results of Lo 's modified R/S statistic for returns, squared returns, and absolute 
returns for weekly and monthly frequencies are reported in Table 4 and Table 5, 
respectively. A test for the null hypothesis of d=O is performed using the 95 percent 
confidence interval of [0.809, 1.862]. For the weekly returns, the null hypothesis is 
rejected for q=(0,2,5, 1 0) in all cases. For monthly returns, the null hypothesis is 
rejected for q=(2,5) in all cases. Rejection of the null hypothesis implies a relatively 
strong self-similarity feature of the gold market. 
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Table 5: Lo's modified R/S statistic for weekly returns, absolute returns and squared 
returns 
Modified R/S statistic 
Rt IRtl R2 t 
q Spot Futures Spot Futures Spot Futures 
0 2.2023* 1.9497* 6.4238* 6.2763* 4.2289* 4.0997* 
2 2.3251 * 2.0765* 5.0335* 4.9691 * 3.2890* 3.2323* 
5 2.2907* 2.0537* 4.1034* 4.0660* 2.7908* 2.7929* 
10 2.3381 * 2.0898* 3.3467* 3.3009* 2.3519* 2.3760* 
R IR,I R2 Note: 1 , t represent gold weekly returns, absolute returns, squared returns respectively. *indicates 
' 
significance at the 5% level. The critical interval is [0.809, 1.862]. 
Table 6: Lo's modified R/S statistic for monthly returns, absolute returns and squared 
returns 
Modified R/S statistic 
Rt IR~I R2 t 
q Spot Futures Spot Futures Spot Futures 
0 1.9345* 1.8571 3.4788* 3.5537* 2.7004* 2.9897* 
2 2.0483* 1.9447* 2.9537* 2.9342* 2.3249* 2.4897* 
5 1.9876* 1.8698* 2.4494* 2.4045 * 2.0150* 2.1152* 
10 1.8351 1. 7281 2.0628* 2.0152* 1.7866 1.8497 
R IR~I R2 Note: 1 , t represent gold monthly returns, absolute returns, squared returns respectively. * 
' 
indicates significance at the 5% level. The critical interval is [0.809, 1.862]. 
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Chapter 4. Structural break of long memory in the gold market 
Many have studied the factors that drive the price of gold. For example, Tandon and 
Urich (1987) find that the daily gold price is greatly influenced by the unanticipated 
components of US money supply and Producer Price Index (PPI) announcements. 
Bailey (1988) suggests that the weekly growth in the announced level of money 
supply increases the volatility of gold. Kitchen (1996) finds that over the period of 
1981-1994, the price of gold responds positively to the announced changes in federal 
deficit projections. Moreover, Edel and Brain (2007) report that the US dollar is the 
main macroeconomic variable that influences the gold price. 8 However, there is no 
study in the literature attempting to test for structural break in the long memory 
property of gold market. 
4.1. Structural break in the long memory feature 
The literature on structural break in the long memory process is quite limited. Among 
the few, Beran and Norma ( 1996) find that small changes in the long memory 
parameter have strong implications on the long-term behavior of the process. Granger 
and Terasvirta (1999) show that the estimate of the long memory parameter is closely 
connected to the number of regime switches and the spots they occur in the sample. 
Gourieroux and J asiak (200 1) argue that processes with infrequent regime switches 
may generate a long memory effect in the autocorrelation function. Dittmann and 
Granger (2002) demonstrate that a structural break might lower the value of the long 
memory parameter. Chong (2007) studies the fractionally integrated model with a 
8 A potential dollar devaluation is likely to increase demand for gold and therefore boost the gold price. 
(World Gold Council, 2002). 
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break in the differencing parameter. 
For the long memory in volatilities, Liu (2000) proposes a regime switch stochastic 
volatility (RSSV) model and finds that when the duration of the regime has a 
heavy-tail distribution, long memory does not exist. Mikosch and Starica (2004) 
evaluate the possible long memory in volatility in the presence of a structural break. 
Cheung and Lai (1993) check the sensitivity of the long memory test in the gold 
market by using forward-rolling and back-rolling weekly data from July 1973 to 
December 1987 and find that the gold market is unstable over time. Some studies 
have attempted to explain the movement of gold prices. For example, using 
high-frequency gold futures intra-day data, Cai et al. (2001) find that the massive 
sales by central banks, interest rates, oil price, customer demand, the Asian financial 
crisis, and the tension in South Africa contribute to the large price changes in the gold 
market. They also find that four US macroeconomic announcements, namely, 
unemployment rate, GDP, CPI, and personal income, have significant impacts on the 
volatility of the gold market. The aforementioned studies shed light on the possible 
fundamental determinants of the gold market, yet very few empirical studies have 
attempted to test for structural breaks in the long memory properties of the gold 
market. This thesis is the first to undertake a structural break investigation in the long 
memory feature of the daily data of spot gold and gold futures markets. 
4.2. Forward rolling and backward rolling methodology and empirical evidence 
In this thesis, forward rolling and back rolling spot gold daily returns from August 2, 
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1976 to July 14, 2008 and gold futures daily returns from January 2, 1979 to July 14, 
2008 are used to test the stability of the statistical behavior of spot gold and futures 
gold returns. Likewise, I use the absolute returns and square mean deviation to test the 
stability of the statistical behavior of volatilities in the spot gold and gold futures 
markets. A sub-sample analysis is conducted to test if there are structural changes in 
the long memory property. 
For the spot gold returns forward rolling procedure, the test is first performed on the 
data from the sub-sample from August 2, 1976 through August 2, 1983. The data for 
the next five years from August 2, 1983 to August 2, 1988 are then added to form a 
new sub-series. The forward rolling process continues by updating the sample period 
every five years until July 14, 2008. 
Table 7: Lo's modified R/S statistic for forward rolling spot gold daily returns 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 
Aug 2, 1976-Aug 2, 1983 1.7791 1.8587 1.8512 1.8640 1.7506 1.7174 
Aug 2, 1976-Aug 2, 1988 1.8679* 1.9492* 1.9443* 1.9605* 1.8499 1.8173 
Aug 2, 1976-Aug 2, 1993 2.0221 * 2.1029* 2.0993* 2.1105* 1.9975* 1.9571 * 
Aug 2, 1976-Aug 2, 1998 1.9830* 2.0544* 2.0502* 2.0606* 1.9543* 1.9198* 
Aug 2, 1976-Aug 2, 2003 2.0189* 2.0801 * 2.0634* 2.0661 * 1.9847* 1.9714* 
Aug 2, 1976-Jul 14, 2008 2.3767* 2.4310* 2.4145* 2.4176* 2.3397* 2.3454* 
Note: The critical interval is [0.809, 1.862]. * indicates significance at the 5% level. 
A test of the null hypothesis of d=O is performed using a 95 percent confidence 









not rejected in the first period from August 2, 1976 to August 2, 1983, suggesting that 
the autocorrelation function in the seven-year period of 1976 to 1983 may not have 
hyperbolical decay. However, most of the null hypothesis is rejected when the data for 
the next five years are included. This conflicting evidence on long memory in gold 
daily returns suggest that a structural break in the spot gold returns has occurred 
between 1983 and 1988. 
The modified R/S statistic is then applied to the spot gold absolute returns IR, I and 
square mean deviation (R,- R r forward rolling data. The test is first performed on 
the data from the sub-sample from August 2, 1976 through August 2, 1983. The data 
for the next five years from August 2, 1983 to August 2, 1988 are then added to form 
a new sub-sample. The forward rolling process continues until July 14, 2008. 
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Table 8: Lo's modified R/S statistic for forward rolling spot gold daily absolute 
returns 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 
Aug 2, 1976-Aug 2, 1983 6.1339* 5.0231 * 4.0849* 3.3357* 2.5279* 2.0472* 
Aug 2, 1976-Aug 2, 1988 8.9926* 7.2641 * 5.8814* 4.7645* 3.5181 * 2.7672* 
Aug 2, 1976-Aug 2, 1993 10.923* 8.7196* 7.0069* 5.6275* 4.0835* 3.1571* 
Aug 2, 1976-Aug 2, 1998 12.484* 9.8150* 7.8163* 6.2332* 4.4689* 3.4171 * 
Aug 2, 1976-Aug 2, 2003 12.734* 10.023* 8.0212* 6.4332* 4.6432* 3.5597* 
Aug 2, 1976- Jul 14, 2008 13.330* 10.656* 8.6039* 6.9303* 5.0081 * 3.8405* 
Note: The critical interval is [0.809, 1.862]. * indicates significance at the 5% level. 
Table 9: Lo's modified R/S statistic for forward rolling spot gold daily square mean 
deviation 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 
Aug 2, 1976-Aug 2, 1983 3.9163* 3.4004* 2.8485* 2.3891 * 1.8563 1.5708 
Aug 2, 1976-Aug 2, 1988 5.8204* 5.0026* 4.1660* 3.4689* 2.6527* 2.1958* 
Aug 2, 1976-Aug 2, 1993 6.7920* 5.8106* 4.8248* 4.0027* 3.0361 * 2.4854* 
Aug 2, 1976-Aug 2, 1998 7.6228* 6.4825* 5.3611* 4.4307* 3.3386* 2.7115* 
Aug 2, 1976-Aug 2, 2003 7.8043* 6.6110* 5.4777* 4.5379* 3.4299* 2.7869* 
Aug 2, 1976- Jul 14, 2008 7.9606* 6.7643* 5.6171 * 4.6588* 3.5210* 2.8587* 
Note: The critical interval is [0.809, 1.862]. *indicates significance at the 5% level. 
Table 8 and Table 9 report the values of Lo 's modified R/S statistic for the spot gold 
absolute returns and spot gold daily square mean deviation. It can be seen in Table 8 
that the null hypothesis is rejected in all cases except for the sub-sample of August 2, 
















memory in spot gold volatility. For the spot gold daily square mean deviation, the null 
hypothesis is not rejected in the first sub-sample of August 2, 1976 to August 2, 1983 
for q= 25, 50, and 100. However, most of the null hypothesis is rejected when the data 
for the next five years are included. Therefore, in a long memory model with lag 100 
for spot gold volatility, it can be assumed that a structural change between 1983 and 
1988 has occurred. 
Lo' s modified R/S examination is also carried out on the gold futures returns forward 
rolling data. The examination is first performed on the data from the sub-sample from 
January 2, 1979 through January 2, 1988. The data for the next five years from 
January 2, 1988 to January 2, 1993 are then added to form a new sub-series. The 
forward rolling process continues until July 14, 2008. 
Table 10: Lo's modified R/S statistic for forward rolling gold futures daily returns 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 q=100 
Jan 2, 1979-Jan 2, 1988 1.8389 1.8345 1.8451 1.8819 1.7691 1.7200 1.7646 
Jan 2, 1979-Jan 2, 1993 1.4935 1.4949 1.5058 1.5329 1.4494 1.4145 1.4537 
Jan 2, 1979-Jan 2, 1998 1.4590 1.4648 1.4757 1.5015 1.4215 1.3883 1.4252 
Jan 2, 1979-Jan 2, 2003 1.6313 1.6368 1.6428 1.6664 1.6060 1.5871 1.6457 
Jan 2, 1979- Jul 14, 2.1112* 2.1218* 2.1259* 2.1551 * 2.0895* 2.0890* 2.1478* 
2008 
Note: The critical interval is [0.809, 1.862]. *indicates significance at the 5% level. 
The results of the modified R/S statistic are presented in Table 10. It is shown that the 
null hypothesis of d=O is rejected only in the full sample from January 2, 1979 to July 
14, 2008. Thus, for the full sample, the long memory pattern is consistently significant. 
However, for all the other sub-samples, the null hypothesis is not rejected. The results 
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provide conflicting evidence on long memory in gold futures daily returns, which 
suggest that the autocorrelation function in the 24-year period from 1979 to 2003 may 
not have a hyperbolical decay. The results suggest that there may be structural breaks 
in the gold futures returns between 2003 and 2008. 
Moreover, in an attempt to examine the structural break in gold futures volatilities, 
two further series are also considered, namely, the gold futures absolute returns 
and square mean deviation (R,- R Y . The test is first performed on the sub-sample 
from January 2, 1979 through January 2, 1988. The data for the next five years from 
January 2, 1988 to January 2, 1993 are then added to form a new sub-series. The 
forward rolling process continues until July 14, 2008. 
Table 11: Lo' s modified R/S statistic for forward rolling gold futures daily absolute 
returns 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 q=100 
Jan 2, 1979-Jan 2, 1988 8.2019* 6.5344* 5.3228* 4.3285* 3.2021 * 2.4910* 1.9277* 
J an 2, 1979-J an 2, 1993 10.5458* 8.3034* 6.6934* 5.3801 * 3.8832* 2.9617* 2.2419* 
Jan 2, 1979-Jan 2, 1998 12.1080* 9.3953* 7.4904* 5.9691 * 4.2516* 3.2078* 2.3999* 
Jan 2, 1979-Jan 2, 2003 12.2836* 9.6288* 7.7255* 6.1977* 4.4503* 3.3736* 2.5321 * 
Jan 2, 1979- Jul 14, 2008 12.7156* 10.2027* 8.2787* 6.6768* 4.8066* 3.6501 * 2.7462* 
Note: The critical interval is [0.809, 1.862]. *indicates significance at the 5% level. 
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Table 12: Lo's modified R/S statistic for forward rolling gold futures daily square 
mean deviation 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 
Jan 2, 1979-Jan 2, 1988 6.2731 * 4.8892* 3.9963* 3.2662* 2.5442* 2.0653* 
Jan 2, 1979-Jan 2, 1993 7.9280* 6.1863* 5.0434* 4.1063* 3.1478* 2.5150* 
Jan 2, 1979-Jan 2, 1998 8.9140* 6.9233* 5.6195* 4.5575* 3.4594* 2.7380* 
Jan 2, 1979-Jan 2, 2003 8.9492* 7.0145* 5.7285* 4.6746* 3.5681* 2.8325* 
Jan 2, 1979- Jul 14, 2008 9.1844* 7.2879* 5.9823* 4.8970* 3.7378* 2.9675* 
Note: The critical interval is [0.809, 1.862]. * indicates significance at the 5% level. 
The results in Table 11 show that for the gold futures absolute returns, the null 
hypothesis of d=O is rejected in all cases. It provides strong evidence for long memory 
in spot gold volatility. For the gold futures daily square mean deviation, the null 
hypothesis is not rejected only in the first seven-year sub-sample from August 2, 1976 
to August 2, 1983 for q=100. Therefore, the long memory pattern in gold futures 
volatility is significant. It is possible that a structural break of long memory in gold 
futures volatilities has occurred between 1988 and 1993. 
Next, the backward rolling methodology is used to examine the structural break in 
gold markets. For the spot gold returns, the back rolling process starts with the 
sub-sample from July 14, 2001 through July 14, 2008. Then the data for the previous 
five years are added to form a new sub-sample until the beginning of the sample 
period is reached. The backward rolling process continues by updating the sample 








Table 13: Lo's modified R/S statistic for backward rolling spot gold daily returns 
San1ple Period q=O q=2 q=5 q=10 q=25 q=50 
Jul 14,2001-Jul 14,2008 0.8703 0.8776 0.9101 0.8776 0.9101 1.0217 
Jul 14, 1996-Jul 14,2008 1.5732 1.5581 1.5228 1.5022 1.5506 1.6657 
Jul 14, 1991-Jul 14,2008 1.7164 1.7025 1.6690 1.6492 1.6868 1.8025 
Jul 14, 1986-Jul 14,2008 1.9506* 1.9534* 1.9259* 1.9105* 1.9201 * 2.0093* 
Jul 14, 1981- Jul 14, 2008 10.1533* 8.5270* 7.2007* 5.9780* 4.3881 * 3.3719* 
Aug 2, 1976- Jul 14, 2008 13.3309* 10.6562* 8.6039* 6.9303* 5.0081 * 3.8405* 
Note: The critical interval is [0.809, 1.862]. * indicates significance at the 5% level. 
It can be easily seen that the null hypothesis of d=O is not rejected in the following 
three periods: July 14, 2001-Jul 14, 2008; July 14, 1996-July 14, 2008; and July 14, 
1991-July 14, 2008. For all the other sub-samples, the null hypothesis is rejected. The 
results provide contradictory evidence on long memory in spot gold daily returns. 
Nevertheless, as the sample size grows larger, the long memory pattern in the 
sub-samples becomes consistently significant. Therefore, in a long memory model for 
spot gold returns, one potential break point is between 1986 and 1991. 
For the spot gold absolute returns IR,I and square mean deviation (R, - R Y , the 
back rolling process starts with the sub-sample from July 14, 2001 through July 14, 
2008. The data for the previous five years are added to form a new sub-sample until 
the beginning of the sample period is reached. The backward rolling process continues 









Table 14: Lo's modified R/S statistic for backward rolling spot gold daily absolute 
returns 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 
Jul 14,2001-Jul 14,2008 4.4326* 4.0761 * 3.6801 * 3.2040* 2.4244* 1.8971 * 
Jul 14, 1996-Jul 14,2008 5.6613* 4.8811 * 4.2398* 3.6419* 2.7932* 2.2050* 
Jul 14, 1991-Jul 14,2008 8.0597* 6.8292* 5.8304* 4.9184* 3.6750* 2.8361 * 
Jul 14, 1986-Jul 14,2008 8.2294* 7.1508* 6.2095* 5.2915* 4.0106* 3.1284* 
Jul 14, 1981- Jul 14, 2008 10.1533* 8.5270* 7.2007* 5.9780* 4.3881 * 3.3719* 
Aug 2, 1976- Jul 14, 2008 13.3309* 10.6562* 8.6039* 6.9303* 5.0081 * 3.8405* 
Note: The critical interval is [0.809, 1.862]. * indicates significance at the 5% level. 
Table 15: Lo's modified R/S statistic for backward rolling spot gold daily square 
mean deviation 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 
Jul 14,2001-Jul 14,2008 3.9410* 3.6928* 3.3732* 3.0094* 2.3340* 1.8608 
Jul 14, 1996-Jul 14,2008 3.9082* 3.3312* 2.9834* 2.6763* 2.2160* 1.8444 
Jul14, 1991-Jul14,2008 5.5499* 4.6991 * 4.1697* 3.6963* 2.9968* 2.4432* 
Jul 14, 1986-Jul 14,2008 5.2865* 4.6613* 4.2271 * 3.8031 * 3.1382* 2.5873* 
Jul 14, 1981-Jul 14,2008 6.8248* 6.0257* 5.3067* 4.5968* 3.5773* 2.8653* 
Aug 2, 1976- Jul 14, 2008 7.9606* 6.7643* 5.6171 * 4.6588* 3.5210* 2.8587* 
Note: The critical interval is [0.809, 1.862]. *indicates significance at the 5% level. 
For the spot gold absolute returns, the null hypothesis is rejected in all cases except 
for the sub-sample of July 14, 2001 to July 14, 2008 for q=100, and the sample of July 
14, 1996 to July 14, 2008 for q=100. These provide evidence for the presence of long 
















hypothesis is not rejected in the first two sub-samples of July 14, 2001 to July 14, 
2008 and July 14, 1996 to July 14, 2008 for q = 50 and 100. Therefore, it can be 
assumed that a structural change has occurred between 1991 and 1996. 
The test for the gold futures returns backward rolling procedure is first performed on 
the data from the sub-sample from July 14, 1999 through July 14, 2008. The data for 
the next five years from July 14, 1994 to July 14, 1999 are then added to form a new 
sub-series. The backward rolling process continues until January 2, 1979. 
Table 16: Lo's modified R/S statistic for backward rolling gold futures daily returns 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 
Jul 14, 1999-Jul 14,2008 1.1492 1.1615 1.1435 1.1508 1.2113 1.3568 
Jul 14, 1994-Jul 14,2008 1.5924 1.5924 1.5891 1.5939 1.6483 1.7705 
Jul 14, 1989-Jul 14,2008 1.6586 1.6860 1.6789 1.6853 1.7295 1.8343 
Jul 14, 1984-Jul 14,2008 1.6825 1.7328 1.7457 1.7587 1.7915 1.8858* 
Jan 2, 1979- Jul 14, 2008 2.1112* 2.1218* 2.1259* 2.1551* 2.1551* 2.0890* 
Note: The critical interval is [0.809, 1.862]. * indicates significance at the 5% level. 
Estimates for the modified R/S statistic are provided in Table 16. The null hypothesis 
is not rejected in the following two periods: July 14, 1999-July 14, 2008; July 14, 
1994-July 14, 2008. For the subsample of July 14, 1989-July 14, 2008, the null 
hypothesis is rejected only for the q=1 00. For the sub-sample of July 14, 1984-July 14, 
2008, the null hypothesis is rejected for q=50 and 100. The results provide conflicting 
evidence on long memory in gold futures daily returns. As the sample size grows, 








Table 16, it can be assumed that a structural change has taken place between 1979 and 
1984. 
Furthermore, I capture the volatility nature of the gold futures market using the gold 
futures absolute returns IR, I and square mean deviation (R, - R r backward rolling 
procedure. The test is first performed on the data from the sub-sample from July 14, 
1999 through July 14, 2008. The data for the next five years from July 14, 1994 to 
July 14, 1999 are then added to form a new sub-series. The backward rolling process 
continues by updating the sample period in increments of five years until January 2, 
1979. 
Table 17: Lo's modified R/S statistic for backward rolling gold futures daily absolute 
returns 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 q=100 
Jul 14, 1999-Jul 14,2008 4.2331 * 3.9002* 3.4929* 3.0656* 2.4271 * 1.9866* 1.6074 
Jul 14, 1994-Jul 14,2008 6.8926* 6.0741 * 5.2260* 4.4056* 3.2890* 2.5600* 1.9685* 
Jul 14, 1989-Jul 14,2008 7.7901 * 7.1170* 6.1855* 5.2486* 3.9438* 3.0683* 2.3675* 
Jul 14, 1984- Jul 14,2008 7.8063* 7.0269* 6.1871 * 5.3064* 4.0306* 3.1766* 2.4945* 
Jan 2, 1979- Jul 14, 2008 12.7165* 10.2027* 8.2787* 6.6768* 4.8066* 3.6501 * 2.7462* 
Note: The critical interval is [0.809, 1.862]. *indicates significance at the 5% level. 
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Table 18: Lo's modified R/S statistic for backward rolling gold futures daily square 
mean deviation 
Sample Period q=O q=2 q=5 q=10 q=25 q=50 q=100 
Jul 14, 1999-Jul 14,2008 3.3723* 3.1098* 2.8486* 2.6234* 2.2518* 1.9702* 1.7024 
Jul 14, 1994- Jul 14,2008 4.1239* 3.7529* 3.3872* 3.0533* 2.5135* 2.1022* 1.7229 
Jul 14, 1989-Jul 14,2008 4.8404* 4.4908* 4.1142* 3.7457* 3.1163* 2.6113* 2.1476* 
Jul 14, 1984- Jul 14,2008 4.8462* 4.5054* 4.1571* 3.8042* 3.1706* 2.6799* 2.2351 * 
Jan 2, 1979- Jul 14, 2008 9.1844* 7.2879* 5.9823* 4.8970* 3.7378* 2.9675* 2.3016* 
Note: The critical interval is [0.809, 1.862]. * indicates significance at the 5o/o level. 
The results from Table 17 show that for the gold futures absolute returns, the null 
hypothesis of d=O is rejected in all cases except for the sub-series of July 14, 1999 to 
July 14, 2008 for q=100. This provides evidence for the existence of long memory in 
gold futures volatility. The results from Table 18 indicate that for the gold futures 
daily square mean deviation, the null hypothesis is not rejected in the first two 
sub-samples of July 14, 1999 to July 14, 2008 for q=100 and that of July 14, 1994 to 
July 14, 2008 for q=100. Therefore, the long memory pattern in the volatility of gold 
futures is relatively significant, and the results indicate a structural break between 
1989 and 1994.9 
9 It is noteworthy that as the sample size increases, the long memory feature becomes significant in 
both spot gold and gold futures markets. This is consistent with the results presented in Chapter 2. 
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4.3. Evidence for the structural break from the FIGARCH model 
In this section, we examine three events that may induce a structural break in the long 
memory properties of the gold market. 
The first event is the Second Oil Crisis and the Middle East Crisis in 1979. The 
Second Oil Crisis occurs following the Iranian Revolution, leading to a surge in oil 
price and subsequently a surge in gold price. Moreover, the unsettling international 
politics in 1979, especially the Middle East Crisis, increase the demand for gold as a 
hedge against risk. 
The second event is turmoil in South Africa in 1987. To elaborate the movement of 
gold price in 1987, the mining strike in South Africa in August 9, 1987 might have led 
to a dramatic rise in gold price. 10 This is consistent with Cai et al.(2001)'s finding on 
the correlation between oil price and gold price. 
The third event is the increasing demand for gold from China and India since 2007. 
The surge in gold price from 2007 to 2009 is due to the high demand for gold from 
the two biggest emerging countries, China and Indian. In addition, the weakening of 
the US dollar is also a factor contributing to the price rise since 2007. 
To examine if there are structural breaks in spot gold returns and volatilities in the 
aforementioned events, we estimate the FIGARCH (1, d, 1) model on subsamples 
using three different sample splitting methods: 
10 In the same year, the heightened tension in the Middle East might have also increased the demand 
for gold. 
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(i) August 2, 1976-February 11, 1979; February 12, 1979-July 14, 2008; 
(ii) August 2, 1976-August 9, 1987; August 10, 1987-July 14, 2008; 
(iii) August 2, 1976-July 1, 2007; July 2, 2007-July 14, 2008. 
The results are reported in Table 19, Table 20, and Table 21. Note that there is a 
marked difference between the long memory parameter d in the different samples, 
which proves the occurrence of the structural break in long memory for the spot gold 
market. 
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Table 19: Estimates for FIGARCH (1, d, 1) models for spot gold daily returns and 
volatility for structural break in 1979 using Quasi Maximum Likelihood Estimation 
(QMLE) 
























Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is also 
reported. 
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Table 20: Estimates for FIGARCH (1, d, 1) models for spot gold daily returns and 
volatility for structural break in 1987 using Quasi Maximum Likelihood Estimation 
(QMLE) 
Period August 2, 1976-August 9, 1987 August 10, 1987-July 14, 2008 
Time Rt (Rt - R Y Rt (Rt- RY 
Series 
d 0.3094 0.6116 0.3287 0.3141 
(8.9713) ( 18.303) (14.918) (24.935) 
Skewness -0.0052 7.5271 -0.0512 10.934 
Kurtosis 3.7569 94.138 5.0103 192.46 
Ljung-Box 33 .577 161.51 30.952 146.20 
Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is 
also reported. 
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Table 21: Estimates for FIGARCH (1, d, 1) models for spot gold daily returns and 
volatility for structural break in 2007 using Quasi Maximum Likelihood Estimation 
(QMLE) 
Period August 2, 1976-July 1, 2007 July 2, 2007-July 14, 2008 
Time Rt (Rt - RY Rt (Rt- RY 
Series 
d 0.3285 0.3592 0.2103 0.3968 
(18.284) (178.70) (2 .0487) (1.1 E+08) 
Skewness 0.0142 9.6526 -0.9355 7.3657 
Kurtosis 4 .8010 158.61 3.5391 76.661 
Ljung-Box 31.289 438.80 19.176 21.050 
Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is also 
reported. 
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To analyze the structural break in long memory for the gold futures market at the 
potential break points of 1979, 1987, and 2007, we estimate the FIGARCH (1, d, 1) 
model on subsamples using three different sample splitting methods: 
(i) January 2, 1979-February 11, 1979; February 12, 1979-July 14, 2008; 
(ii) January 2, 1979-August 9, 1987; August 10, 1987-July 14, 2008; 
(iii) January 2, 1979-July 1, 2007; July 2, 2007-July 14, 2008. 
The results reported in Table 22, Table 23, and Table 24 partly support our 
explanations for structural break in long memory in the gold futures market. In these 
cases, the d value is between 0 and 1. The abnormal results in the sample from 
January 2, 1979-February 11, 1979 might have been caused by the limited sample size 
of 29 observations. 
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Table 22: Estimates for FIGARCH (1, d, 1) models for gold futures daily returns and 
volatility for structural break in 1979 using Quasi Maximum Likelihood Estimation 
(QMLE) 
Period January 2, 1979-February 11, 1979 February 12, 1979-July 14,2008 
Time Rt (Rt -RY Rt (Rt - RY 
Series 
d 3.5E-16 1.0000 0.3111 0.3495 
( 1 .4602E-8) (1 05.58) (17.991) (32.487) 
Skewness 0.1282 1.2182 -0.0246 10.101 
Kurtosis -0.1905 0.6149 6.1522 166.18 
Ljung-Box 33.414 11.573 15.728 474.10 
Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is also 
reported. 
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Table 23: Estimates for FIGARCH (1, d, 1) models for gold futures daily returns and 
volatility for structural break in 1987 using Quasi Maximum Likelihood Estimation 
(QMLE) 
Period January 2, 1979-August 9, 1987 August 10, 1987-July 14, 2008 
Time Rt (Rt- RY Rt (Rt- RY 
Series 
d 0.2459 0.4637 0.3129 0.3112 
(8.7148) (25.777) (14.436) (22.453) 
Skewness 0.0862 3.7375 -0.0951 12.078 
Kurtosis 1.9679 20.785 7.5902 208 .06 
Ljung-Box 26.521 325 .75 14.500 130.69 
Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is also 
reported . 
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Table 24: Estimates for FIGARCH (1, d, 1) models for gold futures daily returns and 
volatility for structural break in 2007 using Quasi Maximum Likelihood Estimation 
(QMLE) 
Period January 2, 1979-July 1, 2007 July 2, 2007-July 14, 2008 
Time Rt (Rt -RY Rt (Rt - RY 
Series 
d 0.3077 0.406 1 0.0381 1.0000 
(18.016) (48.112) (0.6039) (313.59) 
Skewness 0.0215 10.275 -0.7925 6.3415 
Kurtosis 6.2455 174.11 2.4652 61.637 
Ljung-Box 12.413 427.42 31.531 16.867 
Note: The values in parentheses are asymptotic t-statistics for the null hypothesis d=O. The sample skewness and 
Kurtosis are reported. Ljung-Box portmanteau test for up to 20th-order serial correlation in standardized residual is also 
reported. 
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Chapter 5. Long memory in the international diamond market 
5.1. International Diamond Cartel 
Diamonds are specifically known as materials with superlative physical qualities. The 
world annual production of diamonds is roughly 130 million carats, with a total value 
of US$9 billion. 11 Approximately 49 percent of diamonds are mined in Central ..and 
Southern Africa. However, production countries have shifted ranks over the past years. 
As illustrated in Table 25, South Africa and the Union of Soviet Socialist Republics 
are the top two producers of diamond12, whereas Canada, India, Russia, and Australia 
are becoming the new sources for the mineral. The world rough diamond production 
in 2003 is shown in Table 26. 13 
11 Source: A Yamell. 2004. "The many facets of Man-Made Diamonds," Chemical And Engineering 
News, 82, 26-31 
12 Source: G. Ariovich. 1985. The Economics ofDiamond Price Movement, Managerial and Decision 
Economics, 6,234-240 
13 Source: Mining Review Africa, 2004, Issue 4 
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Table 25: The Production of World Rough Diamond, 1985 
Rank Country Production Percentage 
(Thousand Carats) (%) 
South Africa 3429 34 
2 USSR 2120 21 
3 Namibia 1186 12 
4 Angola 1050 10 
5 Botswana 744 7 
6 Sierra Leone 320 3 
7 Zaire 260 3 
Others 988 10 
Total 10100 lOO 
Note: The numbers are rounded to the nearest whole. 
Table 26: The Production of World Rough Diamond, 2003 
Rank Country Production Percentage Value Percentage 
(Thousand Carats) (%) (Millions of$) (%) 
Australia 31000 22 400 4 
2 Botswana 30412 22 2300 26 
3 DRC 25000 18 600 7 
4 Russia 19000 13 1640 18 
5 South Africa 12800 9 950 10 
6 Canada 11200 8 1300 15 
7 Angola 5500 4 900 10 
Others 5088 4 810 10 
Total 141000 100 8900 100 
Note: The numbers are rounded to the nearest whole. 
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The diamond market is traditionally regarded as composed of three main market 
segments, namely, the gemstone market, the industrial diamond market, and the 
investment diamond market. The three markets operate much differently from one 
another. 
In the industrial diamond market, diamonds are mainly valued due to their hardness 
and heat conductivity. Roughly 80 percent of mined diamonds are not suitable as 
gemstones and can only be used for industrial purposes. In addition to mined 
diamonds, synthetic diamonds are also widely used industrially after their discovery 
in the 19 5Os, especially in the diamond grinding grit. 
The investment diamond market is composed of rare and high-value diamonds. These 
diamonds are of high investment value. For instance, in 2008, a 35.56 carat blue 
diamond named the Wittelsbach Diamond was sold at a price of US$24 million at a 
Christie' s auction. 
In the gemstone market, diamonds are mostly valued due to their gemological 
characteristics, such as clarity and color. Meanwhile, carat weight and cut are also the 
determinants of a diamond's quality and value. A lettering system from D to Z is used 
to identify the color of each diamond, with D representing a rare, totally colorless 
diamond. The clarity of a diamond is graded by The Gemological Institute of America 
(GIA). They tag diamonds as FL, IF, VS2, SI2, I2, and so on, with FL meaning 
Flawless. In this thesis, the price of diamonds with carat weight of 0.3, color of G, 
clarity of VS2; carat weight of 0.5, col or of G, clarity of VS2; carat weight of 1, col or 
of G, clarity of VS2; and carat weight of 3, color of D, clarity of FL are studied. The 
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diamond types in the market are more than the abovementioned four. We choose these 
four types of diamonds under the restriction of data availability and also for the sake 
of a wide market coverage. 
A limited number of businesses control the supply chain of diamond. Most production 
organizations conform to an explicit set of rules and manage their production in line 
with demands and stockpile the excess diamonds. The dominant company in the 
industry is DeBeers, which was first formed by Cecil Rhodes in 1880. It soon 
controlled all claims in South Africa, where the modem diamond industry was first 
lunched with the accidental discovery of diamonds. Until now, DeBeers is the world's 
leading diamond company with expertise in the exploration, mining, and marketing of 
diamonds. It produces and markets approximately 40 percent of the world's supply of 
rough diamonds from its mining operations across Botswana, Namibia, South Africa, 
and Canada. The total sale ofDeBeers in 2008 is US$6.89 billion. 14 
5.2. Data 
The data studied are the daily pnce of diamond, which are obtained from 
DataStream. 15 There are four kinds of diamond studied in this thesis, namely the 0.3 
Carat diamond with color grade of G and clarity grade of VS2 (0.3 C G VS2 
hereafter), the 0.5 Carat diamond with color grade of G and clarity grade of VS2 (0.5 
C G VS2 hereafter), the 1 Carat diamond with color grade of G and clarity grade of 
VS2 (1 C G VS2 hereafter), and the 3 Carat diamond with color grade of D Flawless 
(3 C D FL hereafter). Each sample has a total of 1705 observations from January 1, 
14 Source: DeBeers Operation and Financial Review 2008. 
15 Source: Polished Prices 
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2002 through July 14, 2008. 
Returns are defined as the first difference in the natural logarithm of diamond prices. 
In this thesis, the absolute returns, squared returns, absolute deviation, and square 
mean deviation are used as the proxies of volatility in Lo' s modified R/S statistic 
estimation. The summary statistics of the two typical series are reported in Table 27 
for the 0.3 C G VS2 and 3 C D FL. 
Table 27: Summary Statistics of diamond daily returns, absolute returns, squared 
returns, absolute deviation and square mean deviation 
Rt IRtl R2 t IRt -RI (Rt -RY 
0.3 G 30 0.3 G 30 0.3 G 30 0.3 G 30 0.3 G 30 
0 bserva ti ons 1705 1705 1705 1705 1705 1705 1705 1705 1705 1705 
Mean 0.000066 0.000582 0.020099 0.003014 0.003747 0.000725 0.020153 0.003581 0.003747 0.00073 
Maximum 0.391118 0.496162 0.461555 0.496162 0.213033 0.246177 0.461620 0.495580 0.213093 0.24560 
Minimum -.046155 -0 .33052 0.000000 0.000000 0.000000 0.000000 0.000065 0.000582 4.23E-09 3.4E-07 
S.O. 0.061223 0.026932 0.057838 0.026769 0.015344 0.009523 0.057819 0.026693 0.015345 0.0095 1 
Skewness -0.40714 6.038749 3.531528 11.95392 6.638964 19.96482 3.532666 11 .97204 6.640173 19.9365 
Kurtosis 15 .7597 172.95 16.6587 172.27 60.4709 456.16 16.6690 172.70 60.4984 454.89 
Jarque-Bera 15514.27 2060933 16787.68 2074931 247023 .9 1.50E7 16809.94 2085264 247252.7 1.46E7 
P-value of 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.00000 0.000000 0.000000 0.00000 
the JB test 
Notes : 0.3 represents 0.3 C G YS2 diamond. 3 represent 3 C D FL diamond. The Jarque-Bera test for normality distributed as Chi -square 
with 2 degrees of freedom. The critical value for the null hypothesis of normal distribution is 5.99 at 5% significance level. 
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5.3. Empirical results 
Table 28 reports the estimations of Lo 's modified R/S statistic for the 0.3 C G VS2 
diamond daily returns, squared returns, absolute returns, absolute deviation, and 
square mean deviation. A test of the null hypothesis of d=O is performed using the 95 
percent critical value of 1.862 of the modified R/S statistic. The result suggests that 
the null hypothesis of d=O for the 0.3 C G VS2 diamond daily returns cannot be 
rejected. Meanwhile, the evidence for long memory characteristics in volatilities is 
relatively strong. The null hypothesis is rejected in most cases except for q=1 00 in the 
absolute returns, squared returns, and absolute deviation, and for q=50 and 100 in 
square mean deviation. 
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Table 28: Lo 's modified R/S statistic for 0.3 C G VS2 diamond daily returns, absolute 
returns, squared returns, absolute deviation and square mean deviation 
Modified R/S statistic 
q Rt IRtl Rz IRt -RI (Rt- RY t 
0 0.2947 4.5252* 3.3587* 4.5247* 3.3585* 
2 0.3111 4.3337* 3.1952* 4.3332* 3.1951* 
5 0.3615 4.1502* 2.9125* 3.9153* 2.9125* 
10 0.4631 3.3792* 2.6065* 3.3789* 2.6065* 
25 0.6516 2.5606* 2.0866* 2.5605* 2.0866* 
50 0.8382 2.0482* 1.7897 2.0482* 1.7897 
100 1.1467 1.5941 1.4939 1.5941 1.4939 
R IRtl Rz IRt -RI (Rt -RY Note: t, t represent gold daily returns, absolute returns, squared returns, 
' ' ' 
absolute deviation and square mean deviation respectively. * indicates significance at the 5% level. The critical 
value is 1.862. 
The estimations of Lo 's modified R/S statistic for the 0.5 C G VS2 diamond daily 
returns, squared returns, absolute returns, absolute deviation, and square mean 
deviation are reported in Table 29. The results suggest that the null hypothesis of d=O 
for the 0.5 C G VS2 diamond daily returns cannot be rejected. Second, similar to the 
0.3 C G VS2 diamond market, significant long memory characteristics are found on 
the volatilities of the 0.5 C G VS2 diamond returns. 
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Table 29: Lo 's modified R/S statistic for 0.5 C G VS2 diamond daily returns, absolute 
returns, squared returns, absolute deviation and square mean deviation 
Modified RJS statistic 
q RI iRii R2 IR, -RI (R, -RY t 
0 0 .3360 4 .9851 * 3.0039* 4.9827* 3 .0039* 
2 0.3685 4.7199* 2.9588* 4.7178* 2.9588* 
5 0.4398 4.1545* 2.5842* 4.1528* 2.5842* 
10 0.5852 3.4767* 2.2695* 3.4755* 2.2696* 
25 0.8610 2.6637* 1.9714* 2.6632* 1.9714* 
50 1.2319 2.1014* 1. 7316 2.1012* 1.7316 
100 1.6297 1.6278 1.4803 1.6279 1.4803 
R IR,I R2 IR, -RI (R, -RY Note: 1 , I represent gold daily returns, absolute returns, squared returns, 
' ' ' 
absolute deviation and square mean deviation respectively. * indicates significance at the 5% level. The critical 
value is 1.862. 
Table 30 reports the estimates of Lo 's modified R/S statistic for the 1 C G VS2 
diamond daily returns, squared returns, absolute returns, absolute deviation, and 
square mean deviation. The null hypothesis of d=O for returns cannot be rejected for 
q=1 00. Furthermore, the evidence for long memory characteristics in volatilities is 
relatively strong. The null hypothesis is rejected in most tests except for q=1 00 in the 
absolute returns and absolute deviation, and for q=25, 50 and 100 in the squared 
returns and square mean deviation. 
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Table 30: Lo 's modified R/S statistic for 1 C G VS2 diamond daily returns, absolute 
returns, squared returns, absolute deviation and square mean deviation 
Modified R/S statistic 
q Rt IRtl R2 IR~ -RI (Rt- RY t 
0 0.4207 6.8014* 2.9555* 6.7972* 2.9555* 
2 0.5322 5.6706* 2.4023 * 5.6674* 2.4023 * 
5 0.6258 4.8542* 2.2637* 4.8521* 2.2636* 
10 0.8165 3.9592* 2.1136* 3.9580* 2.1137* 
25 1.1749 2.8141* 1.8512 2.8136* 1.8512 
50 1.5911 2.1142* 1.6235 2.1140* 1.6235 
100 2.2271 1.5829 1.3654 1.5828 1.3654 
R IRtl R2 iRt -RI (Rt -RY Note: t, t represent gold daily returns, absolute returns, squared returns, 
' ' ' 
absolute deviation and square mean deviation respectively. * indicates significance at the 5% level. The critical 
value is 1.862. 
Similar evidence is found in the 3 C D FL diamond returns, supporting the existence 
of long memory characteristics. The values of Lo 's modified R/S statistic for C D FL 
diamond daily returns, squared returns, absolute returns, absolute deviation, and 
square mean deviation are reported in Table 31. However, unlike the cases of 0.3 C G 
VS2, 0.5 C G VS2, and1 C G VS2, the volatility in the 3 C D FL diamond returns 
provides mixed results. The null hypothesis is rejected in the case of absolute returns 
and absolute deviation, while the squared returns and square mean deviation series do 
not provide evidence for the presence of long memory. 
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Table 31: Lo 's modified RJS statistic for 3 C D FL diamond daily returns, absolute 
returns, squared returns, absolute deviation and square mean deviation 
Modified R/S statistic 
q Rt IR,I R2 IR, -RI (R, - RY t 
0 0.7329 2.2683 1.6439 2.2653 1.6451 
2 0.7345 2.2936 1.6534 2.2905 1.6547 
5 0.7432 2.2700 1.6590 2.2672 1.6603 
10 0.7544 2.2054 1.6621 2.2032 1.6634 
25 0.8102 1.9730 1.5532 1.9715 1.5541 
50 0.9253 1.8250 1.5248 1.8239 1.5256 
100 1.0345 1.5366 1.4397 1.5363 1.4403 
R IR,I R,2 IR, - RI (R, - RY 
represent gold daily returns, absolute returns, squared returns, Note: 1 , 
' ' ' 
absolute deviation and square mean deviation respectively. * indicates significance at the 5% level. The critical 
value is 1.862. 
In summary, the results based on Lo 's modified RJS statistic for the 0.3 C G VS2, 0.5 
C G VS2, 1 C G VS2, and 3 C D FL diamond market prove that diamond daily returns 
do not have long memory. However, the results based on Lo 's modified RJS statistic 
for the volatilities in the 0.3 C G VS2, 0.5 C G VS2, and 1 C G VS2 diamond markets 
provide relatively strong evidence for the existence of long memory, while the results 
for the 3 C D FL diamond market is ambiguous. The differences between the diamond 
markets' behaviors can be partially explained by the pricing system for the different 
types of diamond. On one hand, the 0.3 C G VS2, 0.5 C G VS2, and 1 C G VS2 
diamonds might be under higher manipulation by the diamond cartel, where past 
volatilities in returns have a relatively high correlation with the futures volatilities. On 
the other hand, the 3 C D FL diamond has a much higher value than the other three 
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diamonds, which indicates that the price for the 3 C D FL diamond might be more 
vulnerable to economic and political changes such as income, economic crisis, and 
political instability. 16 
16 As shown in Figure 13 in the appendix, the price for the 3 C D FL diamond undergoes more 
dramatic changes than that for the other three diamonds. 
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Chapter 6. Conclusions 
Inspired by the fact that the gold market and the diamond market have shared features 
that differentiate them from other commodity markets, this thesis examines the long 
memory property of gold and diamond market returns and volatility. The contribution 
of this thesis is threefold. First, as the abnormal price movement of gold price over the 
period of 2005-2008 has not been studied rigorously in the literature, this research 
thus extends the literature by including the samples of 2005 to 2008. Second, a first 
attempt to test for the structural break of the long memory pattern in spot gold and 
gold futures returns and volatility using forward-rolling and backward-rolling data is 
made. Third, a pioneering study on the time series property of diamond price is 
presented. 
Lo' s modified R/S Statistic is used to test for long memory in spot and futures gold 
returns and volatility. The test results suggest that the long memory feature exists in 
the gold market. A FIGARCH (1, d, 1) model is also estimated. It is found that the 
volatility of gold daily returns in futures price can be characterized by a hyperbolic 
decaying long memory process. The self-similarity feature of long memory in gold 
market is found to be strong. Moreover, evidence for the presence of structural breaks 
in the gold market is provided. The three episodes that cause the structural breaks are 
the Oil Crisis and the Middle East Crisis in 1979, the turmoil in South Africa in 1987 
and the increasing demand for gold from China and India since 2007. 
The long memory feature in the international diamond market is found to be quite 
similar to that in the gold market. Generally, the results based on Lo 's modified R/S 
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statistic for the 0.3 C G VS2, 0.5 C G VS2, 1 C G VS2, and 3 CD FL diamond market 
reveal that diamond daily returns do not have a long memory. However, strong 
evidence for the presence of long memory in diamond market volatilities is found. 
The existence of long memory in the gold and diamond markets suggests that these 
two markets might have experienced long periods of trending prices. This might shed 
light on the efficiency of the markets. 17 Furthermore, in view of the result that both 
gold and diamond markets have long memory, further research on the predictability of 
these two markets is warranted. A more systematic exploration of the self-similarity 
property and the correlation between the international diamond cartel and diamond 
prices is also a relevant direction for future research. 
17 The efficient market hypothesis implies that asset returns are unpredictable ; however, if the return 
series possesses long memories, past returns can be exploited to predict future returns. Furthermore, a 
fundamental assumption underlying the Black-Scholes formula is that risk-neutral expected returns on 
an asset are normally distributed. The presence of long memory in returns and volatilities indicates that 
there might be a different underlying distribution. 
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Figure 13: Time series plot of0.3 C G VS2, 0.5 C G VS2, 1 C G VS2 and 3 C 
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